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Abstract
Injecting carbon dioxide for storage can lead to substantial cooling of the reservoir that lasts for many years. This
paper compares temperature data from the first stage of the CO2CRC Otway Project with theoretical results.
Solutions are given for one-dimensional models of vertical and spherical heat diffusion and a radial model of lateral 
heat transport, and used to delineate the extent to which vertical heat transport follows spherical or linear equations. 
Solutions are also presented for two-dimensional radial simulations of CO2 injection with the non-isothermal 
multiphase flow code TOUGH2, to allow for the dependence of the thermal conductivity on CO2 saturation. Finally 
the size and duration of the temperature perturbation resulting from larger-scale CO2 injection projects are calculated.
© 2013 CO2CRC. Published by Elsevier  Ltd.  
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1. Introduction
Injecting carbon dioxide for storage can lead to substantial cooling of the reservoir that lasts for many
years. Lowered reservoir temperature has implications for thermal stresses, which may affect the tensile 
strength of formation rocks.  Temperature anomalies also impact seismic monitoring: density changes
with temperature can produce an altered seismic response unrelated to carbon dioxide migration.
While specific numerical simulations can be run on single-well configurations and geological models,
analytical models are useful for rapid calculations when a range of estimates is required. As a
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consequence there is value in developing analytical models with broad applicability for use early in the 
project planning when there will be large uncertainty in the geology. 
 
2. Otway field data 
Table 1. Reservoir parameters for Otway data. Subscript e denotes effective medium property, r denotes rock property, w denotes 
water property, which is used as the saturating fluid for the analytical solutions, and c denotes the CO2-rich fluid property 
Reservoir temperature, T0(oC) 
Temperature of injected fluid, Ti (oC) 
84.8 
63.7 
Geothermal gradient (oC/m) 
Perforated interval (mKB) 
Reservoir interval (mKB) 
Reservoir pressure (MPa) 
0.0303 
2053-2064 
2053-2078 
18.3 
Porosity,
Horizontal permeability, kh (Darcy) 
kv/kh 
Effective formation conductivity saturated, ke (W/mK) 
Effective formation conductivity un-saturated, ku (W/mK) 
Rock  r (kg/m3) 
Water w (kg/m3) 
CO2-rich gas  c(kg/m3) 
Specific heat of formation rock, cr (J/kgK) 
Specific heat of water, cw (J/kgK) 
Specific heat of CO2-rich gas, cc (J/kgK) 
Volumetric injection rate Q (m3/s) 
0.20 
2.0 
0.1 
4.3 
1.6 
2350 
970 
360 
1100 
4186 
2270 
3.98e-3 
 
In the first stage of the CO2CRC Otway Project 65,445 tonnes of a CO2-rich fluid (77% CO2, 20% CH4 
and 3% other gas by mole fraction) was injected into the Waarre C formation of the Naylor reservoir via 
the CRC-1 well.  Injection ran from Mar 18, 2008 to Aug 29, 2009 and the injection interval was a 
depleted gas reservoir around 2000 m deep.  The Waarre C formation of the Naylor reservoir is a 
channelized to tidal/fluvial sandstone formation on shore in the Otway basin in South East Australia.  
Detailed information into the geological setting is available in Dance et al [1].  An overview of the design 
and implementation of the Otway project are available in Jenkins et al [2].  Table 1 shows the properties 
used for simplified models, based on the field parameters for the Waarre C formation.   
2.1. Temperature measurements 
During the last six months of injection and for 105 days after shut-in, downhole temperature was recorded 
with a pair of memory gauges placed in the wellbore 149 m above the perforations.  The steady-state 
temperature of the injected CO2 was in the range 61- 63oC, at least 20oC cooler than the original reservoir 
temperature.  These memory gauges were then removed.  Subsequently the well was logged in July 2011 
(22 months after shut-in) and the temperature was again measured.  These temperature profiles with depth 
 T. LaForce et al. /  Energy Procedia  37 ( 2013 )  4465 – 4472 4467
)
2
(
0
0
t
xerfc
TT
TT
i
revealed that the cooling effect of the injected CO2 was significant near the reservoir level, even after a 
long shut-in period.  More detailed information on the injection process and measurements taken are 
available in Paterson et al [3] and Jenkins et al [2]. 
 
3. One-dimensional vertical results 
3.1. During injection 
To simplify the analysis, we assume that the injection depth is sufficiently large that we can approximate 
the vertical conduction of heat as a semi-infinite domain  x <  where x is distance above or below the 
injection interval, which is modelled as a point source at x = 0, set to the injection temperature Ti for time 
t > 0, where the background temperature is T0.  We also assume that the lateral spread of the thermal front 
in the reservoir is much greater than the vertical distance of the heat diffusion above and below the 
reservoir, so we can treat the problem as a one-dimensional linear diffusion.  Ignoring the impact the 
geothermal gradient would have on the temperature diffusion, the solution to this is 
 
 
 
 
where erfc(z) is the complementary error function and the diffusivity  is  
  
  
  
 
where ke is the effective saturated thermal conductivity of the porous media, cj are the specific heats and j 
are densities of the rock and fluid, respectively.   
 
This solution indicates that the length scale of the cooling above (or below) the reservoir is 2( )1/2, 
independent of the amount injected.  For the parameters listed in Table 1, the thermal diffusivity  is 
approximately 1.49×10-6 m2/s.  For an injection of 18 months, the length scale of the cooling is 17 m, 
while for an injection period of 20 years it would be 61 m.  These temperature changes can be monitored 
using downhole gauges (as in stage 1 of the Otway project), fibre-optic distributed temperature sensors 
(DTS) or logging runs. 
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Fig. 1: Left: Comparison of vertical temperature profiles at the well for 1D linear analytical solutions(1D AN) and 1D spherical 
solutions (Sphere AN), simulations for correct CO2 and water properties, and data at the time sensor 3 was pulled, Sep 30, 2009, 
which was 31 days after the end of injection.  Right: Temperature near the wellbore for radial simulation at the same time 
showing near-spherical heat conduction. 
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An example analytical solution for the Otway field parameters, given in Table 1 is shown the left side 
of Figure 1.  The solution has been re-dimensionalised to include the geothermal gradient, and the heat 
pulse is modelled to be in the centre of the injection formation (not the centre of the perforations).  Very 
few data points are available during the injection stage of the project.  The available data was collected 
while pulling the sensors out of the hole in order to replace them.  This data includes two measurements 
that are broadly in agreement with the analytical solution, but indicates that there is a more dispersed 
temperature perturbation than predicted by the analytical model.  One factor here is the radial cooling 
around the injection well itself due to the flow of colder CO2, analysed in [3]. 
 
For smaller injection rates, where the lateral extent of thermal perturbation in the reservoir due to 
injection is comparable to the vertical extent of thermal diffusion, the heat flow around the reservoir will 
be more spherical than linear.  If the injected pulse is modeled as a sphere of radius h/2 centered in the 
perforation interval of thickness h, then the temperature perturbation is given by 
 
 
 
 
where r is the distance from the centre of the sphere.  Along the line of the injection well, the distance x 
above the reservoir interval is given by x = r - h/2.  Comparing this to the linear result in Eq (1), we see 
that they agree for x much smaller than h, but when x = h the spherical result is smaller by a factor of 3.  
The left side of Fig. 1 compares the spherical analytical solution (centered on the perforations) with the 
linear analytical solution (centered in the reservoir). Below we will estimate the regimes of validity of the 
linear and spherical heat diffusion solutions. 
 
3.2. Post injection 
We can also model the heat dissipation after injection as a vertical heat conduction problem in x, with the 
reservoir being modelled as a region of constant temperature Ti for |x| < a for simplicity.  The solution is 
 
 
 
 
An analytical solution can also be obtained for the relaxation of a spherical heat pulse.  If the pulse width 
a is taken as ( inj)1/2 where tinj is the injection time, then for x = a, the temperature for large time is 
approximately 
 
 
 
 
 
where tpost is the time after injection ceases.  Thus tpost needs to be several times as long as tinj before the 
temperature effect decays significantly e.g. for tpost = 4 tinj, the temperature at x = a is T0+0.26 (Ti T0).  
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Figure 2: Left: Comparison of 1D vertical temperature profiles for the analytical, simulated and field data at the well for July 2011, 685 
days after the end of injection.  Right: 1D analytical solutions for longer times.  Geothermal gradient is shown as grey dashed line. 
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Figure 2 shows the predicted vertical heat distribution at the well from the solution in Eq (3) at various 
times.  Post-injection data are shown for July 2011, which is 685 days post-injection, and also predicted 
for longer times. 
The initial width, a, of the cooled region is estimated by finding the square pulse with the same area 
under the curve as the solution to Eq (1) at the end of injection.  The solution to Eq (3) overestimates the 
magnitude of the temperature perturbation as compared with the data.  This is because at short time 
during injection the conduction of temperature will not be primarily vertical, but rather spherical, until the 
cold injected CO2 reaches the top and bottom of the injection formation and spreads out laterally to a 
distance greater than the vertical extent the cooling.  Thus the initial heat pulse estimated by Eq (1) 
represents an over-estimate of the vertical perturbation of heat during our injection test.  We show in the 
next section that for large enough injection rates the linear solution in Eq. (1) would be expected to model 
the vertical dissipation of temperature more accurately than the spherical solution in Eq. (2). 
4. One-dimensional lateral results 
When injecting cold fluid into a warmer reservoir, as a 1D radial single-phase displacement, the radial 
location of the thermal front rT lags behind the fluid displacement front rF [5],[6].  The extent to which 
thermal diffusion also smears out the thermal front is determined by the Péclet number Pe (i.e. the ratio of 
advection to thermal diffusion),  
 
 
 
 
where Q is the volumetric fluid injection rate (at reservoir conditions), h is the reservoir thickness, rw is 
the wellbore radius, t is the injection time and the subscript f on ( ) denotes the fluid properties.  For 
large values of the Péclet number Pe, the location of the thermal front is given by [5] 
 
 
 
where losses into the surrounding strata (modelled in the previous section) are assumed for the moment to 
be small.  Simplifying we obtain 
 
 
 
For a single-phase uniform displacement the location of rF is given by  
 
 
 
To apply these single phase results to CO2 injection, as a first approximation we shall take the fluid 
properties ( )f to be those of the CO2-rich fluid, denoted by the subscript c.  This ignores the effects of 
two phase displacement and gravity over-ride on the location of the fluid front.  The latter contribution 
can be partly corrected for by making h the thickness of the CO2 plume rather than the reservoir 
thickness. 
We can now compare vT, the vertical extent of the thermal diffusion above the reservoir estimated in 
the previous section, to the radial spread rT of the thermal front in the reservoir from Eq. (4).  The ratio is 
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If the ratio in Eq (5) is small, then the thermal diffusion in the vertical direction will be close to the 1D 
linear result given in Eq. (1).  For parameters corresponding to Stage 1 of the Otway project, taking h =10 
m to be the plume thickness and rw = 0.086 m, Pe 6 so the lateral thermal front is somewhat smeared 
out by thermal diffusion, which reduces the effective rT, and Pe/  4.5 ×10-6 can be neglected.  From Eq. 
(4), rT/rF rT  m, and the cooling effect in the reservoir is close to the injection well.  
 
Finally, the ratio in Eq. (5) is vT/rT , so the vertical extent of the thermal diffusion will be less 
than the 1D linear result predicted in Eq. (1) and closer to the spherical result in Eq. (3).  For a 
commercial-scale injection of 1 million tonnes per year under similar reservoir conditions, and assuming 
h = 25m, then Pe 53 and vT/rT 4, so the thermal front will be sharper and 1D linear result for 
vertical diffusion of heat should be a good approximation.  
5. Two-dimensional radial simulation results 
A layered radial model of the Otway reservoir was modelled using the TOUGH2 simulator.  Figures 1 
and 3 show the temperature perturbation at various times for the parameters in Table 1. 
5.1. During injection 
The left side of Figure 1 shows the simulated results for the temperature pulse at the end of CO2 injection 
along the depth of the well.  The right side shows a vertical cross-section of the reservoir and 
demonstrates that, according to the simulation at least, the assumption of vertical heat conduction at the 
well is not likely to be satisfied at the end of CO2 injection for such a short project.  Nonetheless, the 
match between the vertical analytical solution and the simulation in Figure 1 is quite good.  The simulated 
temperature profile shows a flatter slope in the temperature along the top of the reservoir.  This is because 
the injected CO2 will tend to spread horizontally along the top of the reservoir, whereas in the analytical 
solution only conduction occurs.  The heat dissipation below the heat pulse models the simulated solution 
surprisingly accurately, given the change in effective conductivity in the simulation when the two-phase 
fluid is accounted for in the simulation. 
 
5.2. Post-injection  
Fig. 2 shows that the simulated temperature perturbation is smaller than the one-dimensional linear model 
in Eq. (1) at 685 days post injection.  This would indicate that for such a small project, after injection the 
assumption of primarily vertical heat-flow very quickly becomes invalid.  The simulated reservoir 
temperatures shown in Figs 1 and 3 indicate that the temperature perturbation is not flat at the end of 
injection and is more spherical at longer times.  The simulated temperature perturbation is also larger than 
was observed in the data at 685 days post-injection.  The reasons for this are unclear, but may have to do 
with our estimates of the thermal conductivities and heat capacities of the reservoir rocks.  In particular, 
these properties were uniform in the simulations, and chosen to be representative of sandstone, whereas a 
shale caprock is likely to have very different properties. 
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As can be seen in Fig. 3, the simulations indicate that at the reservoir scale a small temperature 
perturbation is still present 5 years post-injection.  After 10 years the change in temperature at the depth 
2059 mKB, in the injection interval, and one metre from the well is just 1.6oC degrees lower than the 
original geothermal gradient (not shown).  As anticipated, this is a much faster decay of the temperature 
perturbation than predicted by the analytical vertical model (Fig. 2).  
 
 
6. Implications for larger projects 
Fig. 2 shows analytical temperature perturbations that would be applicable for larger projects. Fig. 3 also 
shows a simulation of injection for 20 years at the rate of the Otway project, which would correspond to a  
small CO2 disposal well at the industrial scale.  Even 25 years post-injection, a large region of slightly 
decreased temperature can still be seen in the reservoir simulation in Fig. 3.  As discussed in relation to 
Eq. (5), for large injection rates the vertical extent of the thermal perturbation is much smaller than the 
lateral extent, and the 1D linear solution in Eq. (1) is applicable.  Such an industrial-scale CO2 project 
would create a measurable temperature perturbation that would last for decades to centuries. 
Figure 3: Top left: Simulated reservoir temperature in July 2011 (685 days post injection) for Otway base case parameters.  Top right: 
Simulated temperature 5 years post-injection for Otway base case parameters.  Bottom left: Simulated reservoir temperature 5 years post 
injection for 20 years of injection.  Bottom right: Simulated temperature 25 years post-injection for 20 years of injection. 
4472   T. LaForce et al. /  Energy Procedia  37 ( 2013 )  4465 – 4472 
The temperature perturbations in and near the reservoir may also alter seismic properties of the rocks 
and fluid, and this needs to be taken into account in processing repeat seismic surveys for plume 
monitoring.  Monitoring of the post-injection relaxation of the thermal perturbation (e.g. by downhole 
gauges or DTS) will provide a further validation of the modeling of the injection site.  However because 
the thermal response is diffusive, and therefore averages over a large region as time progresses, such 
monitoring would not be able to detect small leaks from the reservoir interval.  The only exception would 
be leaks through cement or behind casing, which can sometimes be detected via DTS measurements. 
7. Conclusion 
For typical thermal parameters, the injection of CO2 that is cooler than the reservoir interval will cool the 
overlying and underlying formations for some 10s of meters vertically, depending mainly on the length of 
the injection phase.  Analytical and numerical modeling shows that the temperature perturbation persists 
after injection for several times as long as the injection phase, regardless of plume size.  This agrees with 
  For small injection rates, the 
temperature perturbation above the reservoir will be closer to spherical, tending to a linear perturbation as 
the injection rate increases.  Estimates are given for the ratio of vertical to horizontal spread of the 
thermal effects.  The 1D analytical solutions capture the essential features of the response, but cannot 
incorporate the changes in thermal conductivity due to different rock types and changing CO2 saturation, 
which are included in numerical simulations.  
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